Abstract-Stent implantation in coronary bifurcations presents unique challenges and currently there is no universally accepted stent deployment approach. Despite clinical and computational studies, the effect of each stent implantation method on the coronary artery hemodynamics is not well understood. In this study the hemodynamics of stented coronary bifurcations under pulsatile flow conditions were investigated experimentally. Three implantation methods, provisional side branch (PSB), culotte (CUL), and crush (CRU), were investigated using time-resolved particle image velocimetry to measure the velocity fields. Subsequently, hemodynamic parameters including wall shear stress, oscillatory shear index (OSI), and relative residence time (RRT) were calculated. The pressure field through the vessel was non-invasively quantified and pressure wave speeds were computed. The effects of each stented case were evaluated and compared against an un-stented case. CRU provided the lowest compliance mismatch, but demonstrated detrimental stent interactions. PSB, the clinically preferred method, and CUL maintained many normal flow conditions. However, PSB provided about a 300% increase in both OSI and RRT. CUL yielded a 10 and 85% increase in OSI and RRT, respectively. The results of this study support the concept that different bifurcation stenting techniques result in hemodynamic environments that deviate from that of un-stented bifurcations, to varying degrees.
INTRODUCTION
Percutaneous coronary interventions on bifurcated coronary lesions represent a challenge for interventional cardiologists. Though a series of different stent implantation techniques have been described, uncertainty still exists regarding the best selection for each individual patient. 21 The (drug-eluting) stent implantation procedure aims to minimize the occurrence of both vessel thrombosis and in-stent restenosis which are the main phenomena causing major adverse cardiac events. The main stent failures (restenosis and thrombosis) have been associated with the flow dynamics of stented segments, thus calling for improvements in the assessment and minimization of local stent-induced hemodynamic changes. 1, 29 Established correlations exist between the outcomes of a stent implantation procedure and its induced alterations of flow parameters such as wall shear stress (WSS), oscillatory shear index (OSI), and relative residence time (RRT). Decreases in WSS values as well as increases in OSI and RRT increase the risk of restenosis. 1, 17, 20 Compliance mismatch between the stent and the host vessel can also increase the risk of thrombosis. 31 Implantation techniques for coronary bifurcations can utilize one or two stents. 21 The simplest stenting technique is the provisional side branch (PSB) method, which uses only one stent in the main vessel (MV). It is eventually followed by further interventions (like ballooning or stenting) in the side branch (SB). Conversely, double stenting strategies deploy stents in both the MV and the SB using various techniques. Among different double stenting techniques, the culotte (CUL) and the crush (CRU) have been widely adopted worldwide.
Clinical trials have been a primary method for evaluating stent implantation techniques. PSB is currently the preferred method largely due to its simplicity, and easier and shorter implantation procedure. 9 Short-term clinical trials have suggested that the PSB method produces less adverse events (8.0%) as compared to complex stenting techniques (15.2%). 16 However, lower residual stenosis in the SB has been observed with the two-stent strategies. 30 Comparing the two-stent methods, CUL and CRU were found to provide no significant difference in a three year followup study, with major adverse cardiac events occurring in 16.7 and 20.6% of patients, respectively. 19 The brief clinical results presented here demonstrate that clinical studies to date have been unable to provide conclusive evidence as to which stent technique performs best. For clinical trials, it is often impossible to differentiate adverse outcomes arising from the stent implantation techniques over all other clinical explanations. Additionally, since PSB is the preferred method, two-stent strategies are generally used only in more critical cases, thus biasing clinical results towards PSB.
In the present study, we sought to compare the hemodynamic conditions associated with in vitro testing of different stent implantation techniques. This investigation expands upon the earlier work by Raben et al. 26 who reported the first in vitro experimental results for the hemodynamics of stented coronary bifurcations using steady flow conditions. Here, we use particle image velocimetry (PIV) to obtain velocity and pressure fields under physiological pulsatile flow conditions for each coronary stent implantation technique.
MATERIALS AND METHODS

Flow Loop
A mock circulatory flow loop was designed to simulate coronary flow conditions (refer to Charonko et al. 3 for more details). The working fluid, a 60/40 water to glycerin mixture, was used to match the kinematic viscosity and density of blood (m = 3.77 9 10 26 m 2 /s, q = 1100 kg/m 3 ). Figure 1a illustrates the flow loop schematic. A pulsatile waveform, shown in Fig. 1b , was generated through the flow loop using a computer controlled gear pump. The mean flow rate was maintained around 85 mL/min for all test cases, modeling a resting flow condition with a heart rate of 60 bpm. 2 The flow rate was maintained at an 84/16 split between the MV and SB to ensure that the observed velocity and momentum changes between test cases were an artifact of the stents and not the inflow conditions. 26 Repeatability of the flow loop was estimated at 2% variation between test cases and cycle-tocycle variation was within 0.5%. The Reynolds number defined by the lumen diameter before stenting and the average bulk flow velocity was 150. At peak systole it ranged up to approximately 450. The Womersley number was 2.04. These represent physiologically consistent conditions. The pressure waveform, shown in Fig. 1b , was out of phase with the flow rate, mimicking the hemodynamic environment in the coronary artery. Physiologically, the coronary artery is located on the curved heart and the inlet flow profile may not be fully developed. However, because the physiological inlet velocity profile depends on patient specific parameters and a planar model was used for this study, an experimental replication of this could introduce more error than a fully developed flow profile. Thus, a fully developed inlet velocity profile was used.
Bifurcation Models and Stents
Four compliant coronary artery models with a 60°b ifurcation were cast using polydimethylsiloxane (PDMS-Sylgard 184), as described by Raben et al. 26 A 60°bifurcation was chosen because it represents a higher risk angle ( ‡50°) and thus an angle where complex stenting strategies would more likely be considered clinically. 11 The modulus of elasticity of the models was approximately 1.0 MPa. 24 To minimize geometric and compliance variations across all models, only those with uniform wall thickness (0.4 mm) and no bubble defects were used for this study. 26 Repeatability analysis of this fabrication process has shown geometric variations to be within 1%. The lumen diameters of the MV and SB were 3.96 and 2.77 mm, respectively, representing typical coronary diameters. 21 The models used for this study were planar with no curvature and constant lumen diameter, both differing from physiological conditions. Commercially available Endeavor Resolute stents (Medtronic, Minneapolis, MN, USA) were implanted into three of the models by an interventional cardiologist using a 4.0 and 3.0 mm angioplasty balloon for the MV and SB, respectively, as they would be during a typical clinical procedure. The Endeavor stent is a wellestablished clinical device and was used in all bifurcation models so that the results of this study are not subject to the stent type. Table 1 describes the implantation sequence used for each method. Post stenting lumen diameters were approximately 4.35 and 3.05 mm in the MV and SB, respectively. This represents a 110% inflation, as is clinically typical. A similar expansion was observed in the SB with PSB where the final kissing balloon was used, but only near the carina. Figure 2 shows the stent models used in this experiment with a schematic of each implementation method tested.
PIV Setup
PIV images were captured using an Nd-YAG laser and a high-speed camera (IDT Xs-5i). 26 To match the index of refraction, the area surrounding the test section was also filled with the working fluid. The working fluid was seeded with 7 lm fluorescent particles. A frame pair frequency of 250 Hz was used with 200 ls between the images in a pair. The images were captured in the transversal plane of the vessel, of size 1728 9 2352 pixels, with a resolution of 7.04 lm/pixel for all stented cases and 7.73 lm/pixel for the unstented case. Four cardiac cycles were acquired for each test case. PIV images were processed using an inhouse PIV software Prana (https://github.com/aetherlab/prana). A multi-frame approach for dynamic range enhancement 15 and robust phase correlation algorithms for increased accuracy were used. [12] [13] [14] Four PIV passes were used, with the final pass using a 64 9 32 pixel window and 16 9 16 grid resolution. Proper ).
orthogonal decomposition with a 90% energy cutoff was used on the time-resolved PIV velocity fields to reduce the effects of random errors. 18 To obtain a general quantification of the velocity uncertainty, the peak to peak ratio was analyzed, similar to the method described in Raben et al., 25 with further details in Charonko et al. 7 From this analysis, uncertainty in the PIV velocity fields is approximated at 4 and 13% for the unstented and stented cases, respectively. The un-stented case maintained the average uncertainty expected for a typical PIV study. The uncertainty in the stented cases was slightly higher than average due to the inherent issue of stent struts blocking particle motions in the images. A more rigorous uncertainty quantification for this experimental setup was done in Raben et al., 26 but such analysis is beyond the scope of this work.
Post-Processing
The PIV velocity fields were phase averaged. Masks of the stent locations were created using a connected components algorithm with 4-point neighborhoods and a 10-pixel threshold (refer to Sklansky 28 for more details on connected components algorithms). The location of the stent was computed in 25 image increments (1/20th of the pulsatile cycle) to account for the stretching and compressing of the stent through the pulsatile cycle. Velocity components that overlapped with stent struts were excluded from all post-processing calculations.
Particles near the vessel inlet in the proximal main vessel (PMV) for all stented case were observed to be out of focus, hindering the velocity correlation in this region. Consequently, velocities at the inlet of the geometry could not be resolved, as evidenced by the velocity fields shown in Fig. 3 . For this reason, we have removed this poorly resolved portion of the flow from all post-processing calculations.
Reduction of the centerline velocity was computed as the percent decrease in maximum centerline velocity magnitude for each stent case as compared to the unstented case. The percent of vectors in the MV of a given velocity field that are within 50% of the maximum velocity vector in the MV for that velocity field was computed as a representative measure of the breadth of the velocity profile distribution through time. This was also computed for the SB. Because a planar model was used, secondary flows are expected to be minimal throughout the vessel allowing these two metrics-the reduction of centerline velocity magnitude and the percent of vectors within 50% of the maximum velocity magnitude-to together provide a representative measure of momentum deficit induced by the stents.
Recirculating flow areas were identified by the angle of a velocity vector compared to a 0°and 60°reference angle in the MV and SB, respectively. Any vector that deviated by more than 20°from its reference angle was considered an indicator of recirculating flow. The deviation angle of 20°was chosen because it is small enough that recirculating flow could be easily identified, but large enough that vector angles caused by PIV processing uncertainty or error would not contaminate the calculation. Degree of recirculation was defined as the number of instantaneous velocity fields in which a vector was identified as maintaining recirculating flow, over the total number of velocity fields (250 fields per cycle) in the data set. Thus, one indicates the flow at that point is recirculating throughout the entire cycle while zero indicates flow in that region is never recirculating. Because this study used planar PIV, secondary flows, such as helical structures, are not captured in the velocity fields, allowing for only planar recirculating areas to be identified using this calculation. Recirculation areas identified at the ostium of the SB were removed, since the velocity angle at that location should not abide by the 0°or 60°reference angle.
Time averaged WSS (TAWSS), oscillatory shear index (OSI) and relative residence time (RRT), given in Eqs. (1), (2) , and (3) respectively, were computed in the MV.
FIGURE 3. Velocity magnitude of each test case at peak velocity magnitude. The low velocity observed in the entrance of the main vessel for all stented cases illustrates the portion of out of focus particles. This portion was omitted for all postprocessing calculations.
where s w is the WSS vector and T is the duration of the cardiac cycle. To compute TAWSS, walls of the MV and SB in the test section were linearly defined and velocity gradients were obtained using thin-plate spline radial-basis functions (TPS-RBF) to decrease errors in the calculation. 18 It should be noted that the velocity fields are two-dimensional and thus the TAWSS computed here is one-dimensional. Additionally, a temporal moving average using four data points was used to smooth the trends and minimize noise caused by the numerical differentiation. The TAWSS code was validated using synthetic Poiseuille flow images. OSI values range from 0 to 0.5 with 0 indicating a flow with no oscillatory flow and 0.5 indicating a purely oscillatory flow. Time and space averaged WSS, OSI, and RRT values were obtained by numerically averaging the spatially varying results from Eqs. (1), (2), and (3).
PIV pressure fields for each stented case were evaluated using an in-house Navier-Stokes pressure solver described in Charonko et al. 4 This method has been extensively tested and applied to a variety of flows including cardiovascular applications. 5 The velocity fields following proper orthogonal decomposition (70% energy), prior to phase averaging, were used to compute the pressure in order to minimize errors. A pressure transducer just upstream of the geometry was used as the reference pressure for the code. The method has shown to be accurate for flows with out of plane velocity components of less than 45°. 4 Because a coplanar geometry was used for this study, out of plane motion and thus errors in the computed pressure caused by 3-D effects is expected to be minimal.
Subsequently pressure wave speeds 'c', as a representative measure of the stent compliance, were computed in the distal main vessel (DMV) and the SB using the following equation:
where q is the fluid density, T is the duration of one cardiac cycle, and P and U are the instantaneous pressure and velocity, respectively. 10 This pressurevelocity single point technique sums the temporal changes of the instantaneous velocity and pressure. The wave speeds in the DMV and SB reported here are the median values of all points in the DMV beginning immediately after the bifurcation and all points in the SB beginning at the carina, respectively. Although Eq. (4) was derived to mathematically include wave reflections and reduce their effect on the calculation of wavespeed, 10 the pressure-velocity method has been shown to be susceptible to wave reflections causing an over prediction of the wave speed. 27 Because the magnitudes of the forward and total pressure wave speeds are within the 2% repeatability of the loop and the stents themselves induce negligible effects on the reflected pressure wave, 6 bias errors in the computed pressure wave speeds are also expected to be within 2% variability across cases. Thus, comparisons of changes in the pressure wave speeds between cases can be made here. However, because the accuracy of the method in this in vitro setting has not been rigorously established, pressure wave speeds reported here do not represent global values for pressure wave speeds through a coronary artery and cannot be compared with in vivo measurements. Uncertainties in the wave speed calculations were estimated using a Taylor series expansion propagating the effects of density, velocity, and pressure uncertainties. An increase in pressure wave speed following stent implantation indicates a decrease in compliance and thus a larger compliance mismatch. Compliance mismatch is known to increase RRT, adversely alter the WSS distribution, and increase the risk of stenting failure. 31 Table 2 provides a concise summary of all results presented here. This includes, reduction of centerline velocity, representative momentum deficit, TAWSS, OSI, RRT, and pressure wave speed. Stent induced hemodynamic percent changes are also given.
RESULTS
The velocity magnitude fields at peak flow-rate (~200 mL/min) for each test case are shown in Fig. 3 . An immediately observable consequence of stent implantation is the reduction of centerline flow velocity in the DMV. The maximum centerline velocity magnitude through the cycle for the un-stented case was 0.68 m/s (Fig. 4a) . CRU provided the smallest centerline velocity reduction of 7.2%. PSB and CUL yielded similar velocity deficits of 15.7 and 18.4%, respectively. Further, CUL, and to a lesser extent PSB, demonstrated velocity profiles similar to that observed in the un-stented case. CRU altered the velocity profile in the DMV, skewing the centerline velocity towards the non-bifurcating wall. Figure 4 further details the velocity changes in the MV for each stented case as compared to the unstented case. In Fig. 4a , the maximum velocity magnitude in each time field through one cycle is plotted. tors, respectively. Comparing PSB and CUL, they maintained similar maximum velocity magnitude profiles throughout the pulsatile cycle. But, because CUL maintained more vectors within 50% of the maximum velocity throughout the cycle, mathematical integration for a control volume analysis can reasonably be expected to show that CUL yielded lower drag than PSB. PSB and CRU had qualitatively similar drag values. The main conclusion is that all stented cases a significant momentum deficit in the MV. Figure 4c shows the velocity fields at the time where centerline velocity is maximized for each test case normalized by the respective maximum velocity magnitude for each stent and masked to only show vectors within 50% of the maximum. CRU demonstrated a localized jet-like flow in the DMV, suggesting low flow exists near the walls. PSB and CUL exhibited wide velocity fields when the centerline velocity is maximized and thus favorably low velocity profile narrowing in the DMV. PSB maintained an asymmetrical velocity profile, skewed towards the bifurcating wall, in the DMV. Figure 5a shows the reduction of centerline velocity in the SB. The maximum velocity in the SB in the unstented case is 0.50 m/s. PSB, CUL, and CRU induced a reduction of the maximum SB velocity by 43.9, 58.4, and 50.2%, respectively. While all stented cases yielded large deficits of velocity magnitude, they produced a broader jet of flow into the SB. Figure 5b illustrates this with the percent of SB velocity vectors within 50% of the maximum SB velocity through time. The unstented case maintained the lowest percentage of vectors with an average of 13.5%. CRU sustained a similar average of vectors of 13.9%. PSB and CUL, however, provided increases with 24.7 and 18.3% percent of vectors within 50% of the maximum velocity, respectively. Using similar analysis as in the MV, CRU provided the largest momentum deficit through the SB. Figure 5c shows the SB maximum centerline velocity fields, normalized by the respective maximum velocity for each stent and masked to only show vectors within 50% of the maximum. This further exhibits that all stent methods widened the jet of flow into the base of the SB as compared to the unstented case. This also suggests that the stents partially mitigated the adverse hemodynamic effects of low velocity and recirculation at the proximal side of the SB caused by the high bifurcation angle.
To confirm the observations that the stented models attenuated the recirculating regions in the SB, Fig. 6 shows the recirculation areas for each test case. Vectors with recirculating flow for less than 25% of the time were masked out in order to better visualize the regions of interest. Recirculating flow generally can cause low flow velocity, increased OSI and RRT, and higher risk of restenosis. All stent cases eliminated the large recirculation zone observed in the proximal side of the SB base of the un-stented case. The fact that this change, as well as the widening of the SB in-flow jet, was consistent across all implantation types suggests that this positive result may be due to the enlarged ostium of the bifurcation induced by the final kissing balloon procedure. The un-stented case and CRU showed low velocity recirculating flow immediately following the SB on the bifurcating DMV wall. CUL showed a smaller and weaker recirculation region in this area. The small recirculating flow regions highlighted on the walls of all test cases were the result of low flow velocity near the walls combined with the unsteady nature of the pulsatility.
While recirculation zones are generally unfavorable, TAWSS, OSI, and RRT must be examined to determine the adverse risk that each zone causes. Figure 7 shows the TAWSS for each case along the MV bifurcating and non-bifurcating wall. In the PMV, the TAWSS was notably low for all stented cases. Previous studies have indicated that low TAWSS in the proximal MV can be the result of over-expansion of the stent, requiring recovery of WSS in order to restore physiological flow conditions. 3, 22, 26 On the non-bifurcating wall, PSB and the un-stented case showed a decreasing TAWSS trend in the DMV, a direct result of the asymmetric velocity profile in this location. Immediately following the SB on the bifurcating MV wall, the un-stented case and CRU both exhibited low TAWSS, a result of the recirculation zones observed in this location. Time and space averaged WSS values are given in Fig. 8 . CUL provided the smallest reduction of time and space averaged WSS of 17.1% as compared to the un-stented case. PSB and CRU yielded reductions of 31.4 and 35.3%. This reduction of overall time and space averaged WSS was due to the hemodynamics in the PMV where all stented methods yielded deficits of over 50%. In the DMV, CUL actually increased the time and space average WSS as compared to the un-stented case by 28.5%, while PSB and CRU maintained mild reductions of 5.5 and 13.6%, respectively.
OSI and RRT distributions did not show significant space-dependent trends through the MV and thus are not shown here. Time and space averaged values of OSI and RRT are given in Fig. 8 . In the DMV, CUL and CRU reduced the OSI by approximately 31 and 21%, respectively, as compared to the un-stented case. Meanwhile, PSB increased average OSI in the DMV by 33%, suggesting a detrimental effect of the high bifurcation angle persisted with PSB in the DMV. In the PMV, PSB and CRU increased OSI by 473.3 and 115.5%, respectively. CUL maintained a significantly lower OSI increase in the PMV of only 47.3%. All stent cases increased the RRT of the vessel. Particularly, in the PMV as compared to the un-stented case, CUL provided a 2-fold increase in RRT, while PSB yielded a 5-fold increase in RRT values. This was likely a consequence of the stent over-expansion and low TAWSS at this location. In the DMV, all stented cases maintained similar RRT results to the un-stented case. Table 2 reports the pressure wave speeds in the DMV and SB for each case, as well as the uncertainty in each calculation. As expected, the implantation of the stent stiffened the vessel, thus increasing the pressure wave speed. CRU best approximated the unstented vessel compliance for both the DMV and SB. CRU increased the pressure wave speed in the DMV by 54.6% while PSB and CUL yielded increases of 158.2 and 109.1%, respectively. Thus, in the DMV, CUL provided increased performance as compared to PSB. In the SB, CUL and PSB were within the uncertainty bounds of the calculation and thus were considered equivalent. PSB increased pressure wave speed in the SB by 314.1% despite not having a stent implanted in the SB. In principle, an alteration in pressure wave speed indicates a change in vessel wall properties. In the case of the PSB, the only alteration to the SB vessel wall could have come from the final kissing balloon technique. Thus, this suggests that the kissing balloon technique can alter a vessel's material properties and adversely contribute to a compliance mismatch.
DISCUSSION
Coronary branching with bifurcation angles over 50 o are recognized to have higher risk of stenosis as they induce detrimental hemodynamic patterns. 11 In the un-stented case, the high bifurcation angle caused a large recirculation zone in the proximal side at the base of the SB as well as a large centripetal acceleration of the flow pulling it upward which creates a slightly asymmetric velocity profile in the DMV. This caused low velocity flow on the non-bifurcating wall in the DMV and induced low and decreasing TAWSS at this location. Additionally, a low flow region was present on the bifurcating wall of the DMV immediately following the SB, as observed in Fig. 6 . This caused low TAWSS at the start of the DMV in this location. These hemodynamic observations cultivate three high-risk zones that are susceptible to stenosis: (1) the large recirculating region in the SB, (2) the low flow region near the carina, and (3) the non-bifurcating wall in the DMV. A successful stenting procedure aims to restore normal hemodynamic conditions through a vessel by reopening an occluded vessel. However, cases exhibiting a high bifurcation angle present a unique challenge because ''normal hemodynamic conditions'', even without a stent, maintain adverse hemodynamic conditions. For this reason, in cases such as the one presented here, where a high bifurcation angle exists, the stent implantation procedure seeks to restore blood flow to normal hemodynamic conditions while also mitigating the natural and deleterious effects of the high bifurcation angle. From the results presented here, it is evident that each stent implantation method achieved these two goals with varying success, as each technique produced different hemodynamic environments.
All stenting methods were able to eliminate the large recirculation zone observed in the proximal side of the base of the SB in the un-stented case. As previously mentioned, the final kissing balloon procedure widened the ostium of the bifurcation, yielding a more gradual transition from the PMV to the SB. For both PSB and CUL, because the recirculation region in the SB is eliminated with all stenting methods, the effective area of flow into the SB is increased, in accordance with Fig. 5b . Thus, to maintain continuity, the velocity magnitude at the ostium of the SB must decrease, as observed in Fig. 5a . With CRU, despite the reduction of maximum velocity into the SB at peak velocity magnitude, a high momentum deficit persisted in the SB because CRU has a high strut density in the PMV on the bifurcating wall just before the SB.
Because of the low flow velocity and unsteadiness in the pulsatile waveform, small eddies were produced near the wall when the bulk flow velocity was low as is evident from the recirculation regions indicated along the walls of all test cases and the carina region in the un-stented case, as seen in Fig. 6 . However, in the case of CRU, the recirculation zone near the carina was an artifact of high strut density and stent interaction at that location, resulting in flow disturbances. Subsequently, with CRU, the TAWSS dropped following the SB and had to increase throughout the length of the DMV non-bifurcating wall in order to restore the flow conditions following the strut induced flow disturbances. CUL also showed a low flow region near the carina, though considerably smaller than with CRU. This because CUL maintains overlapped struts at this location, but the two stents had a more limited interaction than with CRU. Additionally, CUL did not cause low TAWSS to persist for any length on the bifurcating wall in the DMV as evidenced by Fig. 7 , indicating that the low flow area maintained minimal hemodynamic disturbances. PSB did not show a low velocity flow region at the carina level, in accordance with previous computational fluid dynamics (CFD) results. 8, 22, 26 Having a DMV velocity profile very similar to that of the un-stented case, CUL best maintained a normal velocity profile in the DMV. PSB was previously noted to maintain an asymmetric velocity profile in the DMV. PSB appears to have had the largest momentum flux through the SB of all stenting cases. Thus, it maintained the strongest centripetal force on the flow, yielding a larger upward force on flow in the DMV and a velocity profile more skewed towards the bifurcating wall. This resulted in low flow velocity and TAWSS on the non-bifurcating wall.
To the authors' knowledge, this is the first study to examine compliance mismatch to compare coronary bifurcation stent implantation techniques. Further, examination of the pressure wave speeds demonstrates that the stenting methods stiffened the vessels to varying extents and thus can induce different levels of a compliance mismatch. CRU advantageously provided the smallest compliance mismatch throughout the vessel. Adversely, PSB provided the largest decrease in compliance of the MV. This likely contributes to the increase of OSI and RRT values seen with PSB in Fig. 8 , supporting the notion that compliance mismatch substantially affects the level of flow disturbances induced. 31 As previously mentioned, the change in pressure wave speed in the SB with PSB indicates that the kissing balloon method can also induce a compliance mismatch. The fact that PSB and CUL had similar pressure wave speeds in the SB may lead to two conclusions. First, because the final kissing balloon technique seemed to have a bigger affect in the SB than the MV in terms of compliance mismatch, it likely has a more deleterious affect on smaller lumen diameter vessels. Second, because the kissing balloon was also used with CRU, where a lower compliance mismatch was observed in the SB, the crushing of the SB stent could plausibly restrict the expansion of the kissing balloon in the SB, thus minimizing the stiffening of the vessel. The second conclusion could also be drawn for the MV kissing balloon, thus indicating that the crushed portion of the SB stent provides benefits in terms of kissing balloon induced vessel stiffening and compliance mismatch.
In vivo, the observed stent induced flow disturbances would each affect vascular remodeling and intimal growth. A known link between low TAWSS and neointimal hyperplasia exists. 1, 20 This would be of concern with PSB maintaining the low TAWSS distribution on the non-bifurcating wall of the MV.
Additionally, because PSB maintained a large increase in OSI and RRT in the PMV, it would promote endothelial cell inflammation, vascular remodeling, and ultimately restenosis at that location. 29 CRU demonstrated several adverse effects of high strut density and strut interactions, factors known to elevate neointimal hyperplasia. 20 A large compliance mismatch is known to cause restenosis, but can also affect platelet behavior and increase the risk of thrombosis. 31 The results of this study support the idea that compliance mismatch plays a crucial role in the level of flow disturbances induced, particularly in TAWSS, OSI, and RRT distributions. This, coupled with the fact that these flow disturbances affect biomechanical processes, may indicate that compliance mismatch is an influential distinguishing factor among stent implantation techniques and should be explored in future technique developments.
Overall, this study demonstrated both positive and negative hemodynamic effects observed with all implantation methods. CRU provided some advantages, most notably the lowest compliance mismatch. However, CRU demonstrated the lowest TAWSS, an adverse jet-like velocity profile in the DMV, and deleterious interaction of the two stents resulting in high flow disturbances in the MV near the carina. Despite its simplicity, PSB showed several favorable hemodynamic results including the elimination of major recirculation zones and widening of the SB inflow jet. However, PSB yielded the highest and most adverse OSI and RRT averages and MV compliance mismatch. Meanwhile, CUL provided a balanced hemodynamic environment that eliminated the adverse effects of the high bifurcation angle and showed many indications of maintaining normal flow conditions. CUL yielded time and space averaged WSS, OSI, and RRT values that most closely matched that of the unstented case. Overall, CUL provided the most synergistic stenting solution, resulting in minimal stent induced flow disturbances. Additionally, disruptions of the flow that were observed with CUL did not propagate into TAWSS, OSI, or RRT. Thus, these results demonstrated that both PSB and CUL were able to retain many aspects of normal flow conditions with minimal flow disturbances. However, CUL mitigated the detrimental effects induced by a high bifurcation angle, while PSB fell short.
There were some notable limitations of this study. The calculation of WSS, OSI, and RRT on the walls of the SB was subject to experimental noise and stent interference. All TAWSS computations were also subject to small disturbances as a result of stent struts inducing minor directional deviations from the defined walls. Additionally, the results presented here are constrained to one plane of the bifurcation, making overall distributions of TAWSS, OSI, and RRT unknown. The results also do not account for factors such as overlapping stent struts that increase risk of mechanical stent failure. 23 Because properties of diseased coronary arteries vary spatially and are highly patient specific, compliance of the models used for this study approximated properties of a healthy coronary artery. Thus, the pressure wave speed calculations here show representative compliance mismatch between a healthy vessel and an implanted stent. It is possible an in vivo diseased coronary artery plastically deforms differently than the in vitro silicone models used here which may alter the magnitude of the increase in pressure wave speed observed. Therefore, while the results presented indicate the major hemodynamic differences between the stent implantation methods, final conclusions and comparisons between the stent cases must be taken with caution, as the experimental limitations impose an inability to directly predict clinical outcomes.
